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ABSTRACT 


The F404-GE-400 powered F/A-18A High Alpha Research Vehicle (HARV) was used to examine the 
impact of inlet-generated total-pressure distortion on estimating levels of engine airflow. Five airflow 
estimation methods were studied. The Reference Method was a fan corrected airflow to fan corrected 
speed calibration from an uninstalled engine test. In-flight airflow estimation methods utilized the 
average, or individual, inlet duct static- to total-pressure ratios, and the average fan-discharge static- 
pressure to average inlet total-pressure ratio. Correlations were established at low distortion conditions 
for each method relative to the Reference Method. A range of distorted inlet flow conditions were 
obtained from -10° to +60° angle of attack and -7° to + 1 1 0 angle of sideslip. The individual inlet duct 
pressure ratio correlation resulted in a 2.3 percent airflow spread for all distorted flow levels with a bias 
error of -0.7 percent The fan discharge pressure ratio correlation gave results with a 0.6 percent airflow 
spread with essentially no systematic error. Inlet-generated total-pressure distortion and turbulence had 
no significant impact on the F404-GE-400 engine airflow pumping. Therefore, a speed-flow relationship 
may provide the best airflow estimate for a specific engine under all flight conditions. 
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1.0 INTRODUCTION 


Total engine airflow is a parameter used in a number of ways when addressing turbofan-engine-powered 
aircraft issues. For example, inlet distortion is often correlated with total -engine airflow (in the absence 
of inlet bleed, environmental control system bleed, or bypass flows) corrected to the aerodynamic 
interface plane (AIP), and AIP total engine airflow (physical or uncorrected) is an important part of the 
net thrust calculation. Our intent, as the title suggests, is to provide a means for estimating engine 
airflows under a variety of flight conditions with accuracies suitable to the needs at hand. 

In static test cells, total-engine clean (undistorted) airflow can be obtained in a straightforward manner 
using calibrated bellmouths or venturis. While straightforward, the history associated with measuring 
total-engine airflow abounds with experiences marred by lack of attention to the issues required for 
accuracy and repeatability. In flight, these problems of accuracy and repeatability are made more 
difficult due to the presence of inlet flow distortion, instrumentation and data-acquisition-system space 
limitations, and changing thermal and pressure environments. 

A unique opportunity was presented by the highly instrumented NASA High Alpha Research Vehicle 
(HARV) for addressing the difficult issue of providing reliable estimates of in-flight-determined total- 
engine airflow. 

The HARV, an F/A-18A aircraft powered by two F404-GE-400 afterburning turbofan engines was 
specifically instrumented to accomplish propulsion-system-oriented research as part of its total mission 
and was flown at the NASA Dryden Right Research Center. The propulsion mission was designed, in 
order of descending priority, to obtain distorted-flow AIP measurements during: 

1) Stabilized high angle-of-attack/high angle-of-sideslip aerodynamic attitude conditions for 
comparison with computational fluid dynamic calculations, 

2) Controlled maneuver transients to determine if differences exist between stabilized and 
transiently determined distortion measurements, and 

3) Departed flight maneuvers. 

Correlation of the flight-obtained measurements required knowledge of the AIP corrected inlet flow. 

This need was the inspiration for investigating a number of methods for estimating engine-corrected 
airflow in flight. Significant attention was given to the instrumentation and data acquisition/data 
reduction systems to assure they possessed state-of-the-art capabilities. Thus, the HARV aircraft allowed 
comparison of three different methods of correlating and estimating airflow with one method having three 
variants. Briefly, these are: 

1) Engine corrected airflow correlated with fan corrected speed known as the flow-speed 
method (also referred to as the Reference Method). 

2) Engine corrected airflow correlated with forms of the AIP static-pressure to total-pressure 
ratio. This method has three variants: A) the average wall-static pressure ratioed to the 
average total pressure, B) the rake-average static pressure ratioed to the individual total 
pressures, and C) the estimated local static pressures ratioed to the individual total pressures. 
These methods are given the shorthand notation of Methods 1, 2, and 3, respectively. 

3) Engine corrected airflow correlated with fan-discharge static pressure ratioed to AIP total 
pressure (Method 4). 
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Crucial to the success of these efforts was the ground-test-cell flow calibration of the engine and the 
establishment of flow correlations for each method in flight at minimum inlet- flow-distortion conditions. 
These correlations then could be examined against the Reference Method (corrected flow - corrected 
speed) calibration at the fixed aerodynamic attitude conditions to determine if inlet distortion produced 
systematic deviations in the Methods 1, 2, 3, and 4 correlations, and which ones were least impacted by 
the effects of distortion. 

The following sections of this report provide a description of the HARV aircraft, the instrumentation, 
each airflow estimation method, the method of calibration, the establishment of correlation functions, and 
the manner in which each correlation behaved in the presence of distortion and estimates of the 
systematic and random errors associated with each method. The report concludes with recommendations 
for the most optimum method for correlating and estimating engine airflow in the presence of high levels 
of inlet distortion. 
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2.0 TEST HARDWARE, DATA ACQUISITION, AND DATA REDUCTION SYSTEMS 

DESCRIPTIONS 


The HARV aircraft, specifically configured to accomplish high angle-of-attack research, was highly 
instrumented and possessed state-of-the-art data acquisition and data reduction systems as described 
below. Further, the ground-test-cell calibration of the flight test engine and the results obtained are 
described. 


2.1 HARV Aircraft Description 

The HARV is a single-seat F/A-18A aircraft (preproduction aircraft Number 6) powered by two 
afterburning turbofan F404-GE-400 engines. The high angle-of-attack capability is obtained by thrust 
vectoring, in this case, by removing the divergent nozzle flaps from the convergent-divergent exhaust 
nozzle and deflecting the nozzle exit flow by inserting three externally mounted paddles into each exhaust 
stream in a controlled and coordinated manner to produce the desired thrust vectoring (Reference 1). 

This thrust-vectoring capability allowed achieving a wide range of stabilized angles of attack and sideslip 
at the desired Mach numbers of 0.3 and 0.4. The wide range of inlet conditions, in terms of inlet 
distortion to which the inlet was subjected, provided the database necessary for conducting the desired 
airflow correlation/estimation study. 

The F/A-18 A aircraft inlets are two-dimensional, external compression inlets with 5-degree compression 
ramps mounted on the sides of the aircraft fuselage under the aft portion of the LEX (Leading Edge 
Extension of the wing) approximately 25 feet aft of the aircraft nose. Additional details of the inlet are 
described in Reference 2. The propulsion research was completed on the right-hand inlet aft looking 
forward (ALF). 

The HARV aircraft and F/A-18 inlet system are shown in Figure 1. 


2.2 F404-GE-400 Engine Description 

The two F404-GE-400 engines that were installed on the HARV aircraft, during which the data discussed 
in this report were obtained, are Engine Serial Numbers (ESN) 310-083 installed on the left-hand side of 
the aircraft and 310-051 installed on the right-hand side of the aircraft. Both engines were equipped with 
an original engine control which placed the IRP flat at 87 degrees PLA. 

ESN 310-05 1 had the standard complement of engine readout parameters as shown in Part A of Table 1 . 
Additionally, flight test instrumentation was installed to provide additional readouts of bill-of-material 
parameters or additional parameters that were of interest to propulsion research. These parameters are 
listed in Part B of Table 1. 


2.3 Ground Test Phase 

The purpose of the ground test phase was to establish the test cell calibration of engine inlet corrected 
airflow with engine corrected speed for ESN 310-051 with bellmouth inlet (low distortion) conditions. 
Also, the use of fan-discharge-static-pressure/fan-inlet-total-pressure (cell ambient) ratio was investigated 
to determine if a better flow correlation could be established which took advantage of the fact that inlet 
distortion is attenuated as it passes through a compression component. With the total-pressure distortion 
attenuated, is was expected that the variation in static pressure would also be decreased. Thus, a few 
measurements averaged should give a reasonably valid estimate of the static pressure at the fan discharge. 
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Figure 1. High Alpha Research Vehicle (HARV) and F/A-18 Inlet System. 
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Table 1. ESN 310-051 (Right-Hand-Side) ground and (light test instrumentation. 
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Parameters Also Used in Flight Test 




This technique will only work if the effective exhaust nozzle area remains fixed with respect to engine 
corrected fan speed. This issue must be addressed for the F404-GE-400 engine since it employs T 5 - 

corrected fan speed control limits. Thus, it is possible for the fan operating line to migrate under high 
T 2 conditions or for engines with very good performance. 

The ground test-cell calibration data were obtained at the Edwards Air Force Base GEAE (Evendale, 
Ohio) Test Cell 2. Three down-power calibrations were conducted from maximum afterburner to idle. 
All the power calibrations were done in the same direction to mimimize the effects of control system 
hysteresis. In order to assure that the engine would run on the ground to corrected speeds as high as 
would be seen in flight, the fan speed schedule limit on the engine control was raised by 2.5 percent for 
ground testing only. 


2.3.1 Test Cell Hardware 

Test Cell 2 is an outdoor cell with a floor-mounted thrust stand giving the F404-GE-400 engine a 
centerline location of approximately 4.5 feet above the floor. A 25 foot high wall stands 30 feet forward 
of the engine to prevent foreign object damage. 

The field bellmouth with an inlet screen installed and two inlet pitot-static pressure rakes were used to 
obtain the desired data. Use of the standard four inlet pitot-static pressure rakes was precluded due to 
structural beam interference with the two lower rakes. 


2.3.2 Instrumentation 

The instrumentation used for obtaining the data to establish the desired clean inlet flow correlations is 
listed in Table 1 Part A, the PS21 1 and PS212 parameters from Part B of the same table (GEAE test cell 
transducers were used rather than flight test transducers due to greater accuracy), as well as four inlet 
screen thermocouples, four bellmouth wall static pressures, and six total pressures and six static pressures 
from each of the two pitot-static rakes that were installed. 


2.3.3 Results of Test Correlations 

The relationship of engine corrected airflow with fan corrected speed is shown in Figure 2 for flows from 
idle to maximum afterburner. The root-sum-square uncertainty due to instrumentation accuracy, use of 
the field bellmouth, and limited bellmouth total-pressure instrumentation for undistorted inlet conditions 
is 1 .6 percent. 

The test cell relationship of engine corrected airflow with the fan-discharge-static-pressure/fan-inlet-total- 
pressure (cell ambient) ratio is shown in Figure 3 for reference purposes. The root-sum-square 
uncertainty is 1.9 percent if the T 5 limits do not become operative and 4.3 percent if the T 5 limits do 

become operative. If the limits do not come into play, then the root-sum-square uncertainty is more like 
the uncertainty given for the previous method. While the ground run data show evidence of operating 
line migration at high airflows, the flight test data obtained in the M=0.3 to M=0.4 range from 20 kft 
to 35 kft did not exhibit evidence of operating line migration. 

The control scheduling of fan and core variable geometry, exhaust nozzle area, and turbine temperature 
showed that the engine operated within all F404-GE-400 production control limits. The engine measured 
inlet flow is within one percent of the F404-GE-400 status-cycle computer-model prediction. 
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2.4 Flight Test Phase 


During the flight test phase of this effort, in-flight flow correlation data were obtained during two flights 
that were specifically designed to provide low-distortion data. In-flight data with distortion levels varying 
from low to high were obtained during nineteen flights designed to obtain stabilized aerodynamic attitude 
data. Table 2 provides additional information regarding the flights from which the data used in this study 
were obtained. 

In the following paragraphs, the special flight-test hardware that is germane to this flow correlation/flow 
estimation effort is described as well as the instrumentation, data acquisition, and data reduction systems. 


2.4.1 Flight Test Hardware 

The flight test hardware of special interest to the flow correlation and flow estimation efforts for this 
program is the AIP inlet-flow-distortion rake. The AIP is located approximately 4.0 inches forward of the 
engine bullet nose. This inlet distortion rake, which is fully described in Reference 3, provides both high- 
response and low-response (quasi-steady) measurements at forty total-pressure probes located on the 
centroids of equal areas for a five ring, eight rake array. It is the data obtained from the low-response 
probes that is of special interest in this study. It should be noted that the probe sensing configuration was 
designed to be very insensitive to flow angularity, an important criterion when measuring total pressure in 
distorted flows. Per Reference 3, this configuration allows the sensors to read true pressure levels at yaw 
angles over the range ±25 degrees and pitch angles from +15 to -25 degrees with positive angles being in 
the direction of the engine centerline. The flow blockage of the distortion rake structure at the AIP is 0.4 
percent. The maximum blockage of the rake, which is less than eight percent, is located 1 .5 inches 
downstream of the AIP. 

In addition to the forty total-pressure probes located at the AIP, there were eight wall-static pressure taps 
located one between each total-pressure rake pair. Also, of importance to this effort were the fan 
discharge wall-static-pressure taps located downstream of the outlet guide vanes in the Plane 2.1 
borescope holes. 

The arrangement of the sensor locations at the AIP and at Plane 2.1 is shown in Figure 4. 


2.4.2 Instrumentation and Accuracy 

The AIP total and wall-static pressures described in Paragraph 2.4.1 were measured using PSI (Hampton, 
Va) differential-pressure transducers. The absolute pressures, using these transducers, are obtained using 
an accurately measured reference pressure and adding it to the differential pressures. The Plane 2.1 
pressures were measured using absolute pressure transducers. The ranges and accuracies of the 
transducers are given in Table 3. The low-response instrumentation system for the PSI transducers was 
capable of performing an in-flight calibration. The calibration system allowed for the reference-pressure 
pneumatic source to be supplied simultaneously to each side of the PSI differential pressure sensors. 
These data allowed for any change in the zero intercept of the calibration to be removed and thereby 
increase the overall accuracy of the PSI transducers. The in-flight calibrations were performed at straight 
and level conditions prior to the execution of each set of flight research maneuvers. 
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Table 2. Test flights used in airflow correlation study. 










PLANE 2.1 



Figure 4. Pressure sensing locations. 



Table 3. Pressure instrumentation ranges and accuracies. 















There were other parameters of interest. One was fan rotor speed and it had an accuracy of 
±132.7 RPM. The second was inlet temperature. For these studies, the engine T j sensor output with a 

bias correction was used (see Appendix B for further details). With the bias correction, the T j random 

error is approximately ±0.04 percent at temperatures in the range of approximately 435 to 515 T. 
Lastly, the freestream total-pressure measurement was taken from the left (ALF) wing-tip-mounted 
airdata swivel probe (Reference 4) and has an accuracy of ±0.007 psi throughout the angle-of-attack 
range that encompasses the data in this report. 


2.4.3 Flight Test Data Acquisition System 

The PSI measured low-response pressures and the reference pressure were sampled at a rate of 67 SPS. 
The Plane 2.1 wall-static pressures were sampled at 800 SPS while the fan speed and the inlet 
temperature were sampled at 40 SPS. All of the AIP and reference pressures were recorded on-board the 
aircraft on a digital tape using a PCM system. All of the engine measurements were telemetered to a 
ground station using a different PCM system. Also, both PCM systems recorded an embedded time code 
which was taken from an on-board time code generator. 

Data typically were edited into a six-second sample for flow correlation and fixed aerodynamic attitude 
distortion test points. The correlation data sample was taken after the flight condition had been stabilized 
for approximately 30 seconds. The fixed aerodynamic attitude distortion test points tended to be less 
stable. In these cases, the objective was to have the pilot hold Mach number, angle of attack, and angle 
of sideslip as constant as possible for six to ten seconds. 


2.4.4 Flight Test Data Reduction 

Each PCM data stream in raw counts was stored on NASA Dryden Flight Research Center computers. 
The embedded time code in each data stream was used to time tag each data sample. This allowed for 
data from both PCM systems to be merged into a single data set using a common time source. The raw 
count data were converted into engineering units using appropriate calibration curves. Then, a merged 
computer file was created for each fixed aerodynamic attitude condition containing the parameters 
required for data analysis. This computer file was reduced further by applying the appropriate in-flight 
calibration to the PSI transducers. The final reduced computer file was available to all members of the 
NASA/GEAE Propulsion Research Team. 
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3.0 AIRFLOW ESTIMATION TECHNIQUES 


Before discussing the manner in which the flow-speed ground-test calibration was used to establish the 
flow correlations, it is appropriate to discuss the algorithms used to obtain flow for each estimation 
technique. 

Five independent airflow estimation techniques were used: a fan corrected-speed-based technique, three 
techniques using the AIP static- and total-pressure measurements, and a technique based on the fan 
discharge static-pressure to average fan inlet total -pressure ratio. Details are provided in the following 
paragraphs. 


3.1 Corrected Speed Algorithm (Reference Method) 

Prior to the flight test phase, a series of calibration runs on the test engine were performed as described 
in Paragraph 2.3 of this report. From these calibration runs, inlet corrected airflow as a function of fan 
corrected speed was generated as previously shown in Figure 2. 

w c = f(Nl/VVV ) (1) 

This calibration was considered to be the reference engine airflow estimation method (Reference Method) 
and is fundamental to the establishment of the various airflow correlations. 


3.2 AIP Wall-Static-Pressure to Total-Pressure Ratio Algorithms 

At the AIP, an inlet rake system was installed and wall static pressure ports were located as described in 
Paragraph 2.4.1. These rake wall-static- and total-pressure measurements were used in the Methods 1, 2, 
and 3 airflow estimation techniques. 

The wall-static-pressure to total-pressure ratio algorithms provide estimation of the average or the 
summation of airflow values obtained from the compressible flow function for the particular total- to 
static-pressure ratios being used and the AIP duct area or the AIP local area associated with each probe. 
That is, 


w ^/TV/(P.A) = f(P s /P t ) (2) 

W c =(P Sl d/VTSd)' A '( W 2/T\"/(PtA)) (3) 

Thus, the average or local corrected airflows can be derived from the average or local static-pressure to 
total-pressure ratios and the AIP duct area or the AIP local area associated with each probe (see 
Appendix A for details). 


3.2.1 AIP Average Wall-Sta tic-Pressure to Average Total-Pressure Ratio (Method 1) 

The Method 1 airflow estimation technique was based on the flow function corresponding to the pressure 
ratio of the AIP average wall-static pressure to the AIP rake average total pressure. 
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3,2.2 Estimated Rake-Average Static Pressures and Individual Probe Total Pressures 
(Method 2) 

The Method 2 airflow estimation technique was based on the summation of the flow functions 
corresponding to the pressure ratios of a local wall static pressure for each probe location equivalent to 
the average of the two adjacent wall static pressures ((P sa + P s b>/2 - see Figure 5A) ratioed to the AIP 

rake local total-pressure values. 


3.2.3 Estimated Individual Probe Static Pressures and Individual Probe Total Pressures 
(Method 3) 

The Method 3 airflow estimation technique was based on the summation of the flow functions 
corresponding to the pressure ratios of individual local static pressures to the AIP rake local total 
pressure values (see Figure 5B). The static pressure at each rake location is determined from a radial 
interpolation between the two adjacent wall static pressures (P sa and P s ^) at a given rake location to a 

duct centerline value (P sc - this latter value being equivalent to the average of all the wall static values). 


3.3 Fan Discharge Average Static Pressure and AIP Average Total Pressure (Method 4) 

The Method 4 airflow estimation technique was based on a correlation of the ratio of the average fan 
discharge static pressure to AIP average total pressure with the Reference Method airflow value. In 
equation form, this relation can be written as 


W c = f(PS 21 /PT 2 ) 


(4) 
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Figure 5. Interpolation techniques for estimating probe local static pressures 



4.0 DEVELOPMENT OF AIRFLOW CORRELATION TECHNIQUES 


The Methods 1 through 3 for estimating airflow are based on relationships applicable to situations where 
the flow is uniform. In practice, the nonuniformities of the flow field lead to significant deviations of 
estimated flow based on the static-pressure and total-pressure measurements as compared to flow 
measurements obtained using flow straightening sections and calibrated venturis. In order to develop 
useful flow estimating techniques, Methods 1 through 3 as well as Method 4 must be correlated against a 
known standard, in this case, the ground speed-flow correlation and hereinafter referred to as the 
Reference Method. The purpose of this section of the report is to carefully and fully explain the 
correlations development methodology. 


4.1 Methodology 

The Reference Method airflow was based on the ground test-cell calibration as explained in 
Paragraph 3. 1 . This flow-to-speed relationship was assumed to be unchanged for stabilized in-flight 
operation at low distortion levels. This assumption is the fundamental building block upon which the 
development of the various correlations rests. Engine variable-geometry scheduling, which could affect 
this relationship, was confirmed to be unchanged from the ground test. 

A series of in-flight calibration conditions were flown to correlate the various airflow methods to the 
reference flow-speed relationship. The prime in-flight calibration condition was high-power, lg flight 
operation at Mach 0.6. At this condition, the inlet capture area ratio (Aq/A^) (see Appendix A for 

details) was slightly less than unity, thus providing as ideal as possible flight-inlet-entry conditions with 
corresponding low inlet losses. The intention was to provide a condition where the inlet flow was as 
"clean" as possible for comparison with the ground calibration test. The in-flight calibration conditions 
were flown at two altitudes, approximately 20 kft and 35 kft, to assure that no significant altitude 
dependencies existed. 

Subsequently, additional flight conditions at high power were examined which covered the range of 
Mach number conditions from approximately 0.4 to 0.9 and showed very similar characteristics as the 
Mach 0.6 data. Therefore, these were included also in the airflow calibration data set. In addition to the 
high power point airflows (maximum military), data were obtained at flows corresponding to part power, 
flight idle, and windmill power settings. The results obtained from these data are included also in the 
correlations. The Mach-altitude conditions at which the airflow calibration data were obtained are shown 
in Figure 6, the ranges of the capture area ratios are shown in Figure 7, and the ranges of angles of attack 
and sideslip are shown in Figure 8. The ranges of steady-state circumferential distortion and radial 
distortion, the ranges of static-pressure variations and steady-state distortions, and the turbulence and 
peak-to-peak planar wave levels at the AIP over which the correlations were established are shown in 
Figures 9, 10, and 1 1, respectively. 

The various airflow estimation techniques were based on the data obtained during this testing. Excluding 
the fan corrected speed-based airflow, four procedures were developed. As previously stated, three of 
these were based solely on the pressure measurements at the AIP and the fourth was based on a fan- 
discharge static-pressure to fan-inlet total-pressure relationship. Details of these techniques are provided 
in the following paragraphs. 


4.2 Definition of Flow Coefficients and Correlations 

The flow coefficients (Cf) for Methods 1, 2, and 3 were defined using the ratio of the Reference Method 
airflow to the airflow calculated from the in-flight calibration data. Therefore, multiplication of a 
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calculated airflow during flight by the appropriate Cf value approximates an airflow similar to the 
reference airflow level. Thus: 

W c in-flight = Cf * W c calculated ( 5 ) 

where W c calculated * s drived from Equations 2 and 3, and 


Cf - W c reference^c calculated ( 6 ) 

From the calibration data set, the ratio of the reference to calculated airflow levels were used to define 
the general form of the flow coefficients for Methods 1 , 2, and 3 as a function of calculated airflow. 
From each of these flow coefficient characteristics, a “best fit” relationship as a function of calculated 
airflow for the particular technique was defined. This was accomplished by fairing a curve through the 
data by hand on a piece-wise basis and minimizing the root-mean-square error. 

An alternate procedure, designated Method 4, established the correlation of the ratio of average fan 
discharge static pressure to AIP average total pressure as a function of the corrected fan speed-based 
airflow. This relationship was established also from the in-flight calibration data according to 
Equation 4. 


4.2.1 Method 1 Flow Coefficient - Cfj 

Examination of the behavior of the Method 1 corrected airflow (Paragraph 3.2.1) as a function of the 
AIP average static pressure to average total pressure ratio (Figure 12) provides insight as to the 
magnitude of the difference between the calculated M ideal" flow based on the pressure ratio and physical 
area and the Reference Method airflow based on corrected speed. Figure 12 clearly illustrates the degree 
to which the ideal flow calculation overestimates the actual (Reference Method) corrected flow. This 
deviation is illustrated also by plotting corrected flow based on the calculated average pressures versus 
the corrected flow based on corrected speed as in Figure 13. 

The form of the Method 1 flow coefficient characteristic as illustrated by the data points and the “best 
fit” relationship, which defines Cf j as a function of calculated airflow, are shown in Figure 14. The 

coefficients that provide the “best fit” relationship of Cfjas a function of the Method 1 calculated airflow 
are provided by Table 4. 


4.2.2 Method 2 Flow Coefficient - Cf 2 

The Method 2 flow calculation results are shown plotted against the Reference Method airflow in 
Figure 15. The form of the Method 2 flow coefficient characteristic as illustrated by the data points and 
the “best fit” relationship, which defines Cf 2 as a function of Method 2 calculated airflow, are shown in 

Figure 16. The coefficients that provide the “best fit” relationship of Cf 2 as a function of the Method 2 
calculated flow are provided in Table 4 also. 


4.2.3 Method 3 Flow Coefficient - C 

The Method 3 flow calculation results are shown plotted against the Reference Method airflow in 
Figure 17. The form of the Method 3 flow coefficient characteristic as illustrated by the data points and 
the “best fit” relationship, which defines Cf 3 as a function of Method 3 calculated airflow, are shown in 

Figure 18. The coefficients that provide the “best fit” relationship of Cf 3 as a function of the Method 3 
calculated airflow are provided in Table 4 also. The values are identical to those which define C^. 
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Figure 13. Corrected airflow based on AIP average pressures as a function of airflow based on corrected 
fan speed. 
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Figure 15. Corrected airflow based on AIP rake average static pressure and local total pressures as a 
function of airflow based on corrected fan speed . 
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Figure 17. Corrrected airflow based on AIP estimated static pressures and local total pressures as a function 
of airflow based on fan corrected speed. 


31 









, 



— — — "" 


o 



















o Airflow Correlation Values 
— Fit 


— i r~ 





Table 4. Definition flow coefficients as a function of calculated airflow. 


Method 1 Method 2 Method 3 

Calculated Airflow Flow Coefficient Flow Coefficient Flow Coefficient 

(lbm/sec) C fl C n C n 


<18.0 

0.590 

0.645 

0.645 

51.0 

0.800 

0.820 

0.820 

60.0 

0.845 

- 

- 

65.0 

- 

0.879 

0.879 

67.5 

0.875 

- 

- 

71.0 

- 

0.895 

0.895 

75.0 

0.892 

- 

- 

81.0 

- 

0.909 

0.909 

85.0 

0.905 

- 

- 

97.0 

- 

0.919 

0.919 

115.0 

0.918 

- 

- 

120.0 

- 

0.926 

0.926 

>155.0 

0.926 

0.931 

0.931 


4.2.4 Method 4 Flow Correlation * 

For the Method 4 airflow estimation technique, the correlation curve describing the ’’best fit" relationship 
of the ratio of average fan-discharge static pressure to AIP average total pressure as a function of the 
Reference Method airflow is shown in Figure 19. Table 5 defines the "best fit” relationship of the 
correlation as a function of the Reference Method airflow level. 


Table 5. Definition of Method 4 flow correlation as a function of reference airflow. 




Reference 


Airflow (lbm/sec) 

0.96 

0.0 

0.96 

15.0 

1.10 

34.0 

1.30 

47.1 

1.60 

61.2 

2.00 

80.0 

2.67 

109.3 

3.00 

121.8 

3.20 

130.0 

3.40 

138.4 

3.50 

142.5 

3.55 

144.1 

3.60 

145.0 

3.65 

145.4 

3.72 

145.7 

3.80 

145.9 

4.00 

146.0 
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4.3 Flow Correlation Accuracies 


Figures 20 through 23 illustrate the degree of correlation achieved by the Methods 1-4 techniques when 
plotted against the Reference Method airflow. 

The relative accuracy in terms of the systematic (also known as fixed or bias) error and the random (also 
known as precision) error of the percentage difference between the reference and correlation estimate of 
the airflow levels for the in-flight calibration data sets are provided in Table 6 noting that the data set 
includes 24 data points. 


Table 6. Systematic and Random Errors of Correlation Methods. 



Systematic 

Random 

Method 

Error 

Error 

1 

0.067% 

±0.428% 

2 

-0*.007 

±0.476 

3 

-0.001 

±0.476 

4 

-0.041 

±0.526 


4.4 Contributions to Flow Coefficients 


For Methods 1, 2, and 3, the difference in the flow coefficient values (Table 4) from unity is a 
consequence of the influences not accounted for in the one-dimensional airflow estimation techniques. At 
high power, the difference is 7 to 7.5 percent. This difference increases as the power setting decreases, 
being about 10 percent at flight idle and about 35 percent at a windmill condition. 

The contributing influences affecting the derived flow coefficients include the AIP probe/rake blockage; 
the features of the airflow between the outermost probe and the duct wall, as well as any features in the 
AIP flow field not measured by the 40 element total -pressure probe array; the assumptions as to the spatial 
variation of static pressure across the AIP; the error in the assumed AIP physical area; the thermal effects 
on the duct hardware that change the AEP physical flow area; and the distortion levels present during the 
in-flight calibration conditions. A number of these details are discussed as follows. 

The probe blockage, although not a large contributor, is about 0.4 percent of the physical AIP area. 

One of the more significant contributing influences is the duct-wall boundary layer. A consequence of 
having the AIP rake total-pressure probes in area-weighted locations is that the annulus between the 
outermost AIP probe elements and the inlet duct wall represents 10 percent of the AIP physical area. The 
physical distance of the outermost probe from the duct wall is 0.712 inches. An estimation of the airflow 
in this region needs to take into account the presence of the duct wall boundary layer. The 40-element 
array at the AIP is the industry-standard for inlet distortion measurements, whereas for inlet airflow 
measurement, the instrumentation typically includes additional detailed measurements close to the wall to 
quantify the impact of the inlet boundary layer. The thickness of the inlet duct boundary layer was not 
directly measured. An estimate of the effect of boundary layer thickness on the derived airflow, and flow 
coefficient, can be made from the relationship of boundary layer growth as a function of duct Reynolds 
Number and assumptions about the shape of the boundary layer profile (Reference 5). The growth of 
boundary layer per unit duct length is approximated by the relationship 0.376 (Re)' I/5 . At an 
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Figure 20. Method 1 calculated airflow as a function of reference method airflow. 
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Figure 22. Method 3 calculated airflow as a function of reference method airflow. 
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in-flight, high-power condition, the Reynolds Number at the AIP is calculated to be 20,000,000. The 
resulting duct boundary layer thickness (5) is therefore about 1.3 percent of the duct length. For a duct 
length of 12 feet this equates to about 1.9 inches. To estimate the quantity of fluid contained within the 
boundary layer requires knowledge of its profile. The velocity profile is described by the relationship 
u/U = (y/S) l/n , where n has the value from 5 to 7 for turbulent flow. The quantity of flow in the 
boundary layer, and therefore its effect on an estimated flow coefficient can be derived from the 
boundary layer displacement thickness (5*). This has a value of 8/(n+l). The displacement thickness 
can be considered as the depth of ideal fluid with no boundary layer passing the same quantity of fluid as 
that flowing within the actual boundary layer. For a boundary layer depth (5) of 1.9 inches, the 
displacement thickness (8*) is between 0.2 inches and 0.3 inches. Therefore, the presence of the duct 
boundary layer effectively reduces the AIP physical flow area by approximately 3.5 to 4.5 percent. 

Thus, it can be surmised that the combined effects of probe blockage, even though small, and duct wall 
boundary layer account for about two-thirds of the difference in the derived flow coefficient values from 
the ideal value of unity. 

Another contributing influence could be an error in the assumed AIP physical area and here, was 
assumed to be 606.21 in 2 based on inlet drawings. An actual measurement was not taken. The in-flight 
calibration data were taken at temperatures ranging from 425 to 500 Tl. An examination of the results 
shows no distinctive trends which might be a consequence of physical-duct-size variations within this 
temperature range. 

A non-quantifiable influence is the impact of inlet flow distortion and turbulence. A test cell set-up for 
airflow calibration has extremely low distortion and turbulence levels by intent. Although the distortion 
levels present at the in-flight calibration conditions were low by in-flight standards, they are significantly 
higher than those present in a test cell environment. 
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5.0 AIRFLOW ESTIMATES WITH INLET DISTORTION 


With the airflow correlations established for each method, it is now possible to determine the manner in 
which each method behaves in the presence of high levels of distortion, for as stated in the introduction 
to this report, the intent is to determine airflow levels to an acceptable level of accuracy when significant 
levels of distortion are present. Of course, the Reference Method airflow correlation will not change as a 
result of flow distortion. Thus, it provides a useful reference against which the other methods can be 
checked for deviations in an effort to understand the impact of inlet distortion on flight airflow estimation 
methods. 

In this section of the report, the range of conditions over which the airflow correlations were studied are 
presented, engine variable geometi 7 is examined to determine if any changes occurred which might 
impact the results, and the manner in which each correlation behaved when compared to the Reference 
Method airflow levels. 


5.1 Range of Inlet Conditions 

In an effort to assure that the correlations presented in this report have a significant degree of robustness, 
inlet data that covered a variety of conditions were examined. These conditions covered the 0.3 to 0.4 
Mach Number range and altitudes from 20 kft to 35 kft as illustrated by Figure 24. The range of the inlet 
capture area ratios is from approximately 1.5 to 1.0 as the flight Mach Number ranges from a little less 
than 0.3 to somewhat in excess of 0.4 as illustrated by the data points of Figure 25. The angle-of-attack 
and angle-of-sideslip ranges are illustrated by Figure 26. Note that some data points are numbered for 
reference and correlation with other data in this report and with the total-pressure contour patterns of 
Figure 30. The ranges of the data in terms of circumferential distortion and radial distortion levels are 
illustrated by the data of Figure 27. The range of AIP steady-state static-pressure variations and the 
range of steady-state circumferential distortion variation were from approximately 0 - 0.06 and 0-0.12, 
respectively, as illustrated by Figure 28. The range of AIP turbulence levels and planar wave levels are 
shown in a combined format in Figure 29. It is felt that these data represent a sufficiently wide range of 
conditions such that any correlations derived from these analyses will be valid for other inlet 
configurations and conditions. 

This range of conditions produced a variety of steady-state inlet distortion patterns (Figure 30) whose 
contours are illustrated at M=0.3 at a number of angle-of-attack and angle-of-sideslip conditions except 
for the AOA=-10.3, AOSS=0.2 contours which were obtained at M=0.4. Note that these distortion 
patterns are numbered for reference purposes and correspond to the numbered points on Figures 26-29. 


5.2 Engine-Operation Tracking 

As was done when establishing the Reference Method airflow calibration during the ground test phase, 
engine control schedules were examined to determine if they deviated from the clean inlet flow schedules 
that were previously determined. Interrogation of these parameters revealed that engine operation did not 
shift as a result of the distorted inlet conditions. As an example, fan variable geometry tracking for 
ground-test, flow-correlation, and stabilized aerodynamic attitude conditions is shown in Figure 31. 


5.3 Average Wall-Static-Pressure and Average Total-Pressure Derived Airflow (Method 1) 

The deviation between the Method 1 estimated airflow and the Reference Method airflow is shown 
plotted in Figure 32 as the percent difference between the Method 1 airflow and the Reference Method 
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Figure 25. Test range of inlet capture area ratios. 
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Figure 26. Test range of inlet data maneuver conditions. 
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Figure 27. Test range of steady-state circumferential and radial distortions. 
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Figure 30. Right inlet (ALF) steady-state AIP total-pressure patterns for a range of fixed aerodynamic 
attitude conditions. 
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Figure 31. Fan variable geometry tracking for ground test, correlation, and fixed aerodynamic attitude 
conditions. 
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Figure 32. Method 1 corrected airflow relative to reference method as a function of circumferential 
distortion level. 
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airflow nondimensionalized by the Reference Method airflow. The figure shows that the Method 1 
airflow estimation technique tends to underestimate the airflow with respect to the Reference Method 
airflow for all except the highest steady-state distortion levels (DP/PC> -0.08). The spread in these data 
has a range of 4.0 percent (maximum of 2.2 percent and a minimum of -1.8 percent). 


5.4 Estimated Rake-Average Static-Pressures and Individual Probe Total-Pressures Derived 
Airflow (Method 2) 

The deviation between the Method 2 estimated airflow and the Reference Method airflow is shown plotted 
in Figure 33 as the percent difference between the Method 2 airflow and the Reference Method airflow 
nondimensionalized by the Reference Method airflow. The figure shows that the Method 2 airflow 
estimation technique tends to reproduce or underestimate the airflow with respect to the Reference Method 
airflow for the range of steady-state levels of distortion encountered. The spread in these data is 
considerably reduced from the spread of Method 1 with the spread being approximately 2.3 percent 
(maximum of 0.3 percent and a minimum of -2.0 percent). 


5.5 Estimated Individual Probe Static-Pressures and Individual Probe Total-Pressures Derived 
Airflow (Method 3) 

The deviation between the Method 3 estimated airflow and the Reference Method airflow is shown plotted 
in Figure 34 as the percent difference between the Method 3 airflow and the Reference Method airflow 
nondimensionalized by the Reference Method airflow. The results are very similar to the 
Method 2 results with the spread being approximately 2.3 percent (maximum of 0.2 percent and a 
minimum of -2.1 percent). 


5.6 Fan Discharge Average Static-Pressure and AIP Average Total-Pressure Derived 
Airflow (Method 4) 

The deviation between the Method 4 estimated airflow and the Reference Method airflow is shown plotted 
in Figure 35 as the percent difference between the Method 4 airflow estimated at the measured pressure 
ratio and the Reference Method airflow nondimensionalized by the Reference Method airflow. The results 
tend to correlate well with the Reference Method airflow with the spread being 
approximately 0.6 percent (maximum of 0.3 percent and a minimum of -0.3 percent). 
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Figure 33. Method 2 corrected airflow relative to refernce method as a function of circumferential 
distortion level. 
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Figure 34. Method 3 corrected airflow relative to reference method as a function of circumferential 
distortion level. 
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Figure 35. Method 4 corrected airflow relative to reference method as a function of circumferential 
distortion level. 
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6.0 DISCUSSION OF RESULTS 


Examination of the results of Section 5.0 provides significant insight to the efforts required to establish 
acceptable estimates of airflow in the presence of significantly distorted inlet flows. These results are 
discussed in the following paragraphs. 

Comparison of the Method 1 airflow correlation (Figure 32) with the Method 2 airflow correlation (Figure 
33) shows that calculating airflows on a per probe, equal area basis provides an estimate of airflow that 
has significantly less deviation from the Reference Method airflow than calculating flows based on AIP 
average static- and total pressures. Interestingly, when an attempt is made to provide a better estimate of 
the local static pressure associated with each total-pressure probe (Figure 34), essentially no gain in 
correlation accuracy is achieved relative to using a rake average static pressure. Further, interrogation of 
Figures 32 through 34 provides no discernible trends when examined by Mach Number, angle of attack, 
and/or angle of sideslip. 

Of significant interest are the results obtained by taking the static-pressure measurements downstream of 
the fan in an effort to take advantage of the attenuation of inlet distortion through the fan. As Figure 35 
clearly illustrates, the correlation shows little deviation from the Reference Method airflow levels and 
hence, clearly no effect of inlet distortion on the calculated airflow levels. 

The visual comparisons of the airflow estimation methods as discussed in Section 5.0 can be quantified 
using standard statistical techniques. The systematic and random errors have been calculated and are 
presented in Table 7 for each of the airflow estimation methods expressed as a percentage of the airflow at 
high power (145.8 lbm/sec). 


Table 7. Systematic and random errors of airflow estimation techniques. 



Systematic 

Random 

Method 

Error 

Error 

1 

-0.26% 

±0.77% 

2 

-0.67 

±0.53 

3 

-0.71 

±0.52 

4 

0.02 

±0.08 


Examination of the table shows that when the related Methods 1, 2, and 3 are compared, they all 
underestimate the airflow as indicated by the negative systematic error, but that Method 1 underestimates 
the airflow by the least amount. Methods 2 and 3 of these related methods result in essentially equivalent 
and smaller random errors. Method 4 shows that this airflow estimation technique has essentially no 
systematic error or random error. 

When these previous results are examined as a combined set, another finding can be inferred as follows: 
Given that: 1) careful use of the AIP static-pressure and total-pressure data provides results with a small 
spread, 2) all results show no discernible trends with distortion level (radial or circumferential) or 
turbulence level, and 3) Method 4 provides results equivalent to the Reference Method, one can deduce 
that the Reference Method (flow-speed correlation) will provide the most accurate estimate of airflow for 
the ranges of the inlet conditions examined in this study. 
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These results, that is, the inferred accuracy of the Reference Method as well as the small systematic errors 
for Methods 1-4 were unexpected. Knowledgeable industry investigators had long expected to find trends 
(systematic errors) in airflow that correlated with the level of distortion and/or the unsteadiness of the 
inlet flow. To gain an independent perspective of the HARV results, the relative levels of airflow-at-speed 
measured during the F404 Fan Rig testing with inlet distortion screens were examined. These distortion 
screens, which provided time-averaged (steady-state) values of circumferential distortion ranging 
essentially from zero to approximately 0.17 and radial distortion values ranging from 0.06 tip to 0.06 hub, 
covered a significantly broader range of distortion levels than produced by the HARV inlet. These fan rig 
data, which consisted of fan map pressure ratio - corrected flow representations at 100 percent corrected 
speed for thirteen distortion screens, were correlated (on the same operating line) to examine the change 
in flow pumping associated with inlet distortion (relative to a clean inlet flow condition) as a function of 
time-averaged circumferential and radial distortion levels. Based on this work, the HARV inlet distortion 
levels (circumferential from 0.02 to 0.12 and tip radial from 0.03 to 0.06) would be expected to show a 
variation in airflow pumping ranging from approximately 0.4 percent for the lowest distortion condition 
to 0.9 percent for the largest distortions - implying that a potential flow spread of 0.5 percent may be 
anticipated for the HARV results given the range of distorted inlet flow conditions. This variation is 
similar in magnitude to the measured errors ih the Methods 1, 2, and 3 correlation results (see Table 7). 
Therefore, no significant trends in the HARV results would be expected which may be attributed to the 
influence of time-averaged inlet distortion. 

A consequence of the time-averaged distortions having no significant impact, is that it can be deduced 
that turbulence has little or no impact . Thus, the flow pumping capacity of the F404-GE-400 fan also is 
not affected by levels of turbulence up to approximately 2.4 percent produced by the HARV inlet. 

The Methods 1, 2, and 3 data (Figures 32 - 34) cause an investigator to ask if the deviations from the 
Reference Method can be attributed to, or correlated with, characteristics associated with the distortion 
patterns (Figure 30). The only positive finding, as previously stated in this section, indicates that 
providing an estimate of the static pressure associated with each total-pressure probe will reduce the 
positive deviations associated with the high levels of steady-state circumferential distortion (AP/PC£0.09) 
and turbulence (Tu>0.02). 

An investigator might expect that the negative bias seen in Methods 2 and 3 might be attributable to 
features of the flow. Correlations with circumferential distortion, radial distortion, the absolute magnitude 
of combined circumferential distortion and radial distortion, turbulence levels, turbulence levels and 
circumferential distortion, the maximum circumferential-distortion to maximum radial- distortion ratio, 
and quantification of distortion profile characteristics (circumferential distortion and radial distortion 
plotted as a function of ring immersion at the AIP) including calculating circumferential distortion and 
radial distortion gradient parameters were attempted. None of the methods resulted in explanations as to 
why the deviation relative to the Reference Method would be worst for Pattern No. 2 followed by patterns 
No. 5, 10, 7, 8 , 1, 9, 3, 4, 13, 12, 6, and 1 1 in order of decreasing deviation (absolute magnitude). 

The Method 4 results (Figure 25) were examined in significant detail to assure that the findings were not 
the result of an unapparent “identity” relationship. First it was determined that the engine control 
scheduling was the same during the distorted inlet flight conditions as during the correlation flight 
conditions by examining both physical fan speed as a function of corrected inlet temperature and corrected 
turbine temperature as a function of corrected inlet temperature. Then, it was established that the fan 
discharge static pressure to fan inlet total pressure ratio - fan corrected speed relationship was unchanged 
between the correlation conditions and the distorted inlet flight conditions. Thus, there is every reason to 
believe the results are as good as they imply. However, the data all fall at a pressure ratio of 3.5 or greater 
and are on the flat part of the correlation (Figure 19). This will have a tendency to reduce the spread in 
the data. Part power data are needed to assure the robustness of Method 4. 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 


The high quality of the data obtained as part of the HARV propulsion research efforts has allowed 
calculations to be made that provide significant insight into making measurements that lead to estimates 
of airflow with accuracies far exceeding those previously obtained in flight, even in the presence of 
significant levels of inlet distortion. Achievement of these types of accuracy is attributed to the attention 
given to: 1) the instrumentation, data acquisition, data recording, and data reduction systems, 2) the 
development of the flow-speed calibration during a ground test for the flight engine, and 3) the 
establishment of in-flight, low-distortion flow correlations. 

As a result of these efforts and the subsequent analyses, it is concluded that: 

1. It is possible to estimate the magnitude of the airflow in the presence of inlet distortion to 
within a spread of 2.3 percent and a systematic error of approximately -0.7 percent using only 
AIP static-pressure and total -pressure instrumentation (Methods 2 and 3) if proper attention is 
paid to calibration and correlation efforts. 

2. Taking advantage of fan distortion attenuation, use of fan-discharge wall-static pressures and 
the AIP total pressures will allow obtaining the magnitude of the airflow in the presence of 
inlet distortion to within a spread of 0.6 percent with essentially no systematic error, again 
with paying proper attention to the calibration and correlation efforts. It should be noted that 
this method requires that engine control scheduling give rise to a unique fan operating line as 
a function of fan corrected speed. Some control schemes will not result in such a unique 
relationship and hence, will invalidate this method. 

3. The results of this study show that flow unsteadiness for turbulence levels of up to 
approximately 2.4 percent have no impact on the flow pumping capacity of the F404-GE-400 
fan. 

4. A calibrated flow-speed correlation appears to provide the most accurate estimate of airflow 
in the presence of inlet distortion as compared to all the airflow methods that were 
investigated. Coincidentally, this method requires the least instrumentation. 


If an investigator is interested in estimating airflow in flight using methods other than the flow-speed 
correlation, it is recommended that the methods of this report be followed. In this manner, it will be 
possible to obtain accuracies comparable to those obtained in the investigation reported herein. 
Specifically, one should conduct a ground test of the engine using a correlated bellmouth to obtain the 
Reference flow-speed calibration. Then, other flow correlation methods can be established at low 
distortion inlet conditions such as 1-g flight with capture area ratios less than unity. 

While the results of this study are very encouraging, they must be tempered with the realization that, 
while encompassing a broad range of circumferential distortion levels and a range of moderate turbulence 
levels, the range of radial distortions encountered was quite low and all had tip-radial distortion content. 
Thus, it is recommended that a similar study such as this one be conducted for an inlet-engine 
combination where the inlet distortions might range from hub-radial to tip-radial distortion patterns and 
the fan component of the engine might have speed lines with more slope than the F404-GE-400 fan. 
Further, including part power settings, in addition to power settings where the engine airflow is a 
maximum, would provide the data necessary to give a broader validation to the conclusions reached in 
this study. 
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APPENDIX A - EQUATIONS 


The detailed equations and relationships are recorded in this appendix for reference purposes. 

Al. Capture Area Ratio 

The capture area ratio is defined as the area, A 0 , associated with the stream tube containing the flow 
entering the inlet divided by the inlet physical "capture" area, A c , as illustrated by the following diagram. 



Beginning with the continuity equation, the following relationship for A 0 can be written as: 

A 0 = W 0 /(p 0 V 0 ) 

From the definitions of a thermally and calorically perfect gas, corrected flow conditions, inlet recovery 
for an adiabatic flow, and the isentropic Mach number relationships, the following relationship can be 
readily derived relating A 0 to the free stream Mach number, inlet recovery, and engine corrected airflow. 

Dividing by the capture area, A c , results in the following expression for the capture area ratio. 

A 0 /A c =(1/FF) * Wceng ■ *1 • (v/^Std /Pstd ) ' ( V A c ) ( A1 ) 

where FF is the flow function parameter. It is a function of Mach number alone and is defined as 

FF = (w^)/(P t A) = VgcY/R • M • [l + (y - 1)/2 • M 2 ]" (y+,)/(2 (Y " 1)) (A2) 


A2. Flow Relations 

Because static- and total-pressure measurements are being used in the flow calculations, it is convenient 
to write the flow function W^/rj" /(P t A) in terms of the static-pressure to total-pressure ratio rather than 
Mach number as in Equation A2. Making use of the isentropic relationship 

P./P.=[l + (7-l)/2-M j r ,<T ' ,) 

Equation A2 can be written as 

= {2g c y/[R(Y - 1)]} V2 • [(P S /P,) (1 ' Y)/Y - if 2 -(P s /P t ) (1+Y)/2Y (A3) 

In the above form, the equation can be applied to duct average quantities to obtain the flow for Method 1 
airflow correlation or by summing the local flow functions in the following manner for Methods 2 and 3 
airflow correlations. 

W^/(P,A) = S[wVT\/(P,A)].A i /A <A4) 
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A3. Inlet Flow Descriptor Definitions 

For a given pattern of 40 total-pressure measurements (8 rakes, 5 rings), the total-pressure distortion 
descriptors are defined as follows: 

Maximum Circumferential Distortion Descriptor - DP/PC max 

This circumferential ring pressure distortion index is based on the calculation of DP/PC r j n g j 
where the subscript "ring i" refers to any of the five pressure rings. 

The rings are counted in ascending order, innermost to outermost. 

DP/PC r j n g j = { [ P A V r j n g j - PMIN r j n g j ] / PAV} for rings i=l, 5 

where: 

1 . PAV^ng j = area-averaged total pressure of ring i 

2. PMIN r j n g j = minimum total pressure in the largest low pressure region in ring i 

3. PAV = area-averaged total pressure over the complete face 
DP/PC max is defined as the largest of: 

0.5 * [DP/PC r j n g j + DP/PC r i n g j+i] for i= 1,4 (A5) 

Maximum Radial Distortion Descriptor - DP/PR max 

Similar to DP/PC, DP/PR is calculated for each of the five rings as follows: 

DP/PR r ; n g [ = [PAV - PAV r j n g j ] /PAV for rings i= 1,5 (A 6 ) 

where: 

1. PAV = area-averaged total pressure over the complete face 

2 . PAV^g j = area-averaged total pressure of ring i 

If a DP/PRfjng value is negative, it is assumed to be zero. 

DP/PR max is defined as the larger of DP/PR^ng i or DP/PR r j n g 5 

If DP/PR max is located in ring 1 , the distortion is hub radial. 

If DP/PR max is located in ring 5, the distortion is tip radial. 
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Planar Wave Peak-to-Peak 

The steadiness of the inlet recovery with time is quantified by the planar wave peak-to-peak parameter. 
Thus, the AIP average total pressure is computed at each time slice over a time period of interest. Then, 
the maximum value minus the minimum value in this time period divided by the average AIP total 
pressure is defined as the planar wave peak-to-peak value. It can be expressed in equation form as 


P,(k) = l/NIP 6 (k) 


i=l 


where N denotes the number of total-pressure probes. 


Planar Wave Peak-to-Peak = [Max P t (k) - Min P t (k)]/P t 


(A7) 


where P t (k) is the spatial average of the total pressures at the AIP and P t is the time-averaged value of 
the spatial averages, that is, 


p t 


M A 

— l/M • XP t (k) 


k=l 


(A8) 


where M denotes the number of scans in the data sample. 


Turbulence - Tu 


The inlet turbulence parameter is the average of the root-mean-square of the total-pressure fluctuations at 
each AIP high-response total-pressure probe divided by the time-averaged total pressure of the probe. 


N I M r , _ w _ n 2 

Tu = l/N X VM X P u (k)-P,i /P u 

i=ll k=l L J 


I V2 


(A9) 


where N is the number of total -pressure probes included in the average and M denotes the number of 
scans in the data sample. 
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APPENDIX B - INLET TEMPERATURE ANALYSIS 


The accurate measurement of engine inlet temperature required special consideration. The calculation of 
engine corrected airflow or fan corrected speed required engine inlet total temperature as an input. 
Typically, it can be obtained from either the aircraft total -temperature sensor or the engine fan-inlet total- 
temperature sensor. The known attributes of these measurements precluded using either one without 
additional analysis. 

The aircraft production-probe sensor used to measure freestream total temperature is located beneath the 
cockpit on the bottom of the fuselage. At straight and level flight conditions, it has an accuracy 
of ±1 °R. At high angle of attack conditions (AOA> 20 degrees), this probe becomes significantly biased 
due to the probe being misaligned with the freestream flow. Figure B1 illustrates this latter point quite 
dramatically since it illustrates the significant deviation of the aircraft temperature probe (TTMPR) from 
both the left (T1LR) and right (T1RR) engine inlet temperature probes. Note that the deviation of the 
flight temperature probe correlates with the change in angle of attack (ALPHAL). 

The engine inlet temperature measurement, located between the struts of the inlet guide vanes, has an 
accuracy of ±2 °R. It was observed during ground testing that the sensor has a bias when compared to 
the more accurate test stand sources. In order to obtain an accurate total temperature from low to high 
angle of attack, the engine sensor was used since it did not seem to be biased by high angle of attack. 
However, the engine inlet temperature measurement has a bias correction applied to it based on the 
aircraft sensor. This bias was calculated through a comparison to the aircraft production probe sensor at 
low angle of attack. 

This comparison determined that a -3 °R bias (Figure B2) would be applied to the engine temperature to 
make it equivalent to the freestream measurement. This study was performed on a data set of 74 
stabilized conditions at low angle of attack and high engine airflow. 
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FLIGHTS 184-157,; '211-216 " ' 
FIRST ORDER FIT : ( 74 PT3) 







APPENDIX C - AIRFLOW CORRELATION STUDY DATA SUMMARY 


The following tables provide tabular summaries of the data that were used in establishing the in-flight 
airflow correlations with clean inlet flow and the data that were obtained at stabilized attitude points. 

Table Cl data used to establish the in-flight airflow correlations are grouped by Mach number and then 
are sorted in ascending order of airflow. 

Table C2 inlet maneuver condition data were obtained at Mach 0.3 and are grouped by angle of attack 
and then are sorted in ascending order of sideslip. 

Table C3 inlet maneuver condition data were obtained at Mach 0.4 and are organized in a manner similar 
to the Table C2 data. 
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Table Cl. In-flight airflow correlation conditions. 
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Table C2. Inlet data maneuver conditions, Mach -0.3. 
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